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Abstract 

Progress  in  solid-state  laser  research,  nonlinear  optical  material  growth  science,  and 
nonlinear  optical  frequency  conversion  techniques  is  reported.  High  quality 
crystals  of  silver  gallium  selenide  in  lengths  up  to  3.5  cm  arc  now  being  grown  for 
nonlinear  infrared  applications.  The  growth  of  barium  borate  for  ultraviolet  and 
high-intensity  visible  applications  has  been  pursued.  With  these  new  materials,  we 
have  made  first  demonstrations  of  optical  parametric  oscillation  and  demonstrations 
of  high-average-power  frequency  conversion  capabilities.  The  stability  of  the 
single-axial-mode  diode-pumped  solid-state  lasers  is  proving  vital  for  the  reliable 
operation  of  nonlinear  optical  devices  such  as  cw  second  harmonic  generators  and 
single-mode  optical  parametric  oscillators.  Zig-zag  slab  laser  development  has 
continued  to  provide  sources  of  high-average-power  pump  radiation. 
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Tunable  Optical  Sources  / 

Growth  and  Characterization  of  Nonlinear  Optical  Materials 

Professor  Robert  L.  Byer,  Applied  Physics  Department 
Professor  Robert  S.  Feigelson,  Center  for  Materials  Research 

I.  Introduction 

Historically  th'.  development  of  lasers  has  focussed  on  the  optimization  of  a  few 
narrow  linewidth,  .gle  frequency  sources.  Gas  carbon  dioxide  lasers  and  solid  state 
neodymium  lasers  are  now  efficient,  high  average  power  infrared  radiation  sources  at  the 
wavelengths  10.6  and  1.06  pm.  Tunable  coherent  radiation  can  be  generated  by  the 
nonlinear  optical  frequency  conversion  of  these  monochromatic  sources  in  appropriate 
materials.  Harmonic  generation  produces  the  frequency  harmonics  of  the  applied  radiation 
and  is  now  an  established  technology  for  Nd:YAG  lasers.  Optical  parametric  oscillation 
and  amplification  provide  a  method  of  continuously  tuning  the  output  frequency  of  the 
nonlinear  conversion  across  a  wide  bandwidth.  Nd;YAG  pumped  parametric  oscillators 
using  lithium  niobate  have  been  well  studied,  but  difficulties  with  operating  these  devices 
has  slowed  their  development. 

We  proposed  a  cooperative  research  program  to  study  tunable  coherent  sources  and 
nonlinear  materials  and  devices.  It  is  our  program  aim  to  develop  efficient,  high  average 
power  tunable  coherent  radiation  by  nonlinear  optical  generation  from  fixed  frequency 
sources.  This  requires  the  development  of  stable  pump  laser  sources,  improved  nonlinear 
materials,  and  practical  nonlinear  techniques. 

The  laser  studies  have  been  conducted  by  the  Quantum  Electronics  group  under  the 
direction  of  Robert  L.  Byer.  Laser  research  has  centered  on  the  slab  geometry  concept  for 
improved  performance  of  solid  state  sources.  We  have  developed  two  unique,  high 
coherence,  high  average  power  Ndiglass  slab  lasers.  The  fixed  slab  design  has  high 
energy  and  peak  power  per  pulse  whereas  the  moving  slab  laser  features  a  high  average 
power  potential.  Diode  pumping  of  stable  miniature  rod  and  slab  lasers  of  both  glass  and 
crystal  has  also  been  investigated.  These  small  lasers  have  been  used  as  injection  seeding 
sources  to  control  the  output  of  the  larger  lasers.  In  addition  a  Nd:YAG  slab  amplifier  with 
over  60  dB  of  gain  has  been  built  for  the  amplification  of  diode  pumped  Nd:YAG  laser 
sources.  The  laser  devices  have  demonstrated  output  properties  that  will  allow  efficient 
nonlinear  conversion. 


Research  in  the  growth  technology  and  characterization  of  existing  and  new 
nonlinear  optical  materials  has  been  carried  out  by  the  Crystal  Science  group  headed  by 
Professor  Robert  S.  Feigelson.  Progress  in  the  growth  of  the  chalcopyrites,  silver  gallium 
sulfide  and  silver  gallium  selenide  (AgGaS2  and  AgGaSe2),  has  resulted  in  high  quality 
angle  phasematched  crystals  of  lengths  up  to  35  mm.  The  recent  development  of  beta- 
barium  borate  (BBO)  has  spurred  an  intensive  effort  to  grow  this  new  material  here,  and  a 
12-mm-long  crystal  has  been  produced.  We  have  demonstrated  that  both  magnesium  oxide 
doping  and  lithium  in-diffusion  of  lithium  niobate  (LiNb03)  substantially  reduces  the 
photorefractive  damage  that  has  limited  the  use  of  this  material.  Each  of  these  materials  has 
unique  features  which  extends  the  range  of  performance  of  available  nonlinear  materials. 
As  these  and  new  materials  are  developed  they  are  evaluated  experimentally  with  various 
nonlinear  conversion  techniques 

Professor  Byer  has  overseen  the  investigation  of  the  application  of  these  crystals  in 
nonlinear  devices.  Efficient  second  harmonic  generation  of  a  CO2  laser  and  optical 
parametric  oscillation  have  been  demonstrated  with  AgGaSe2.  The  second  through  fifth 
harmonics  of  LOb-pm  Nd  laser  radiation  have  been  generated  with  high  efficiency  in  BBO. 
An  external  resonant  cavity  second  harmonic  generator  using  Mg0:LiNb03  has  shown 
significantly  enhanced  harmonic  generation  of  a  low  intensity  diode  pumped  Nd:YAG 
laser.  A  monolithic  optical  parametric  oscillator  of  Mg0:LiNb03  has  demonstrated  stable 
single  axial  mode  operation.  Our  cooperative  arrangement  of  growth  and  evaluation  has  led 
to  much  progress  in  the  improvement  of  nonlinear  materials  and  we  anticipate  continued 
progress  in  the  practical  application  of  nonlinear  crystals  to  tunable  coherent  devices. 


n.  Research  Results 

A.  Laser  Deveiopment 

The  zigzag  optical  path  slab  geometry  is  an  established  method  of  reducing  thermal 
focusing  and  birefringence  in  solid  state  lasers.  By  using  the  slab  geometry,  solid  state 
laser  systems  can  be  scaled  to  higher  repetition  rates  without  sacrificing  beam  quality.  The 
goal  of  our  fixed  slab  laser  design  is  a  high  peak  and  average  power  Nd:glass  laser  with  a 
polarized,  low  divergence  output.  This  laser  will  act  to  generate  a  source  of  incoherent 
x-rays  when  focussed  to  produce  high  temperature  plasmas.  It  will  also  be  a  pump  laser 
for  nonlinear  frequency  conversion  studies  at  high  average  power  levels. 


A  small  test  bed  Ndrglass  slab  laser  was  first  built  at  Stanford  in  1981.  That  laser 
confirmed  computer  model  performance  predictions  but  indicated  the  need  for  improvement 
in  the  control  of  the  thermal  distribution  in  the  slab  and  for  preventing  degradation  of  the 
total  internal  reflection  surfaces'.  The  concept  of  protecting  the  slab  faces  from  the  coolant 
water  by  cooling  the  slab  by  conduction  through  a  thin  protective  layer  was  implemented  in 
the  following  two  generations  of  lasers.  The  present  laser^,  designed  in  1985,  also 
includes  the  optimization  of  the  slab  temperature  distribution  by  uniformly  pumping  and 
cooling  and  controlling  the  boundary  conditions  on  the  slab. 

The  350-  x  64-  x  6-mm  Nd  phosphate  glass  slab  in  our  laser  is  conduction  cooled 
through  a  thin  helium  layer  and  sapphire  windows.  The  electrical  pulse-forming  system  for 
this  laser  is  capable  of  delivering  energies  up  to  5  kJ  in  200-ps  pulses  at  20  kW  of  average 
power  to  the  four  flashlamps  used  to  pump  the  slab.  Normal  conservative  operation  is 
presently  at  2  kJ  per  pulse  at  2  Hz.  The  laser  operates  as  a  flat-flat  oscillator  in  the  bottom 
2  centimeters  with  a  relay  imaged  multipass  amplifier  in  the  remaining  slab  aperture.  With 
a  2-kJ  electrical  input,  this  extracts  5  J  of  laser  energy  in  a  single  spatial  mode  with 
divergence  about  three  times  the  diffraction  limit  and  a  Q-switched  pulse  length  of  50  ns. 
For  multi-transverse-mode  stable  oscillation,  the  output  is  20  J.  The  uniformity  of  pumping 
and  cooling  results  in  only  small  thermal  optical  distortions  except  near  the  slab  edges  and 
we  predict  that  operation  at  10  Hz  will  be  relatively  unaffected  by  these  effects.  So  far 
average  power  tests  have  been  conservative  to  reduce  the  chance  of  fracturing  the  slab. 

We  have  recently  implemented  the  first  experimental  version  of  the  moving  slab 
Ndrglass  laser.  In  this  design  a  large  Ndrglass  slab  is  repetitively  moved  across  a  small 
pumping  area  to  spread  the  thermal  load  while  localizing  the  gain.  This  offers  the  potential 
for  high  average  power  and  shall  be  more  completely  tested  with  the  arrival  of  appropriate 
p)ower  supplies  in  the  near  future. 

Recent  progress  in  diode  lasers  and  laser  arrays  has  allowed  their  use  as  effective 
pumps  for  small  solid  state  lasers.  Diode  pumping  can  result  in  exceptionally  stable  laser 
output.  We  developed  cw  diode-pumped  monolithic  Nd;YAG  ring  lasers  for  the  injection 
seeding  of  our  higher  power  lasers.  These  are  small  crystals  that  are  polished  and  coated  to 
create  an  internal  laser  cavity  of  a  ring  geometry.  Careful  design  allows  high  power  single- 
axial-mode  output.  Single-axial-mode  seeding  of  the  larger  Q-switched  lasers  smooths  the 


] .  J.  M.  Eggelson,  T.  J.  Kane,  K.  Kuhn,  J.  Untemahrer  and  R.  L.  Byer,  "The  Slab  Geometry  Laser 
-  Part  I:  Theory,"  IEEE  J.  Quantum  Electron.  QE-20,  289  (1984);  T.  J.  Kane,  J.  M.  Eggleston 
and  R.  L.  Byer,  "The  Slab  Geometry  Laser  -  Part  II:  Thermal  Effects  in  a  Finite  Slab,"  IEEE  J. 
Quantum  Electron.  QE-21, 1 195  (1985). 

2.  M.  K.  Reed  and  R.  L.  Byer,  "Performance  of  a  Conduction  Cooled  Nd:Glass  Slab  Laser,"  Proc. 
SPIE  736,  New  Slab  and  Solid-State  Laser  Technologies  and  Applications,  38  (1987). 
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Q-switched  temporal  pulse,  removing  random  high  intensity  spikes  and  stabilizing  the 
output.  We  have  also  developed  a  diode-pumped  mode-locked  Ndiglass  laser  with  10-ps 
output  pulses.  This  has  been  used  to  injection  mode-lock  the  Q-switched  moving  slab 
laser.  The  technique  of  injection  seeding  allows  the  desirable  characteristics  of  the  diode 
pumped  systems  to  be  scaled  up  to  high  power  for  effective  nonlinear  conversion. 

Slab  laser  research  with  crystalline  materials  has  continued.  We  have  designed  a 
multiple-pass  slab  geometry  Nd;YAG  laser  for  the  amplification  of  the  diode-pumped 
monolithic  Nd:YAG  oscillators.  Angular  multiplexing  was  achieved  by  utilizing  internal 
paths  through  the  slab  of  varying  numbers  of  internal  reflections.  This  flashlamp  pumped 
laser  displayed  a  4-pass  gain  of  62  dB  which  remained  linear  up  to  12  mJ  of  extracted 
energy. 

B.  Growth  &  Characterization  ofNotilinear  Optical  Materials 

The  objective  of  this  portion  of  the  program  has  been  the  growth  of  high  optical 
quality  crystals  of  the  important  nonlinear  optical  materials  silver  gallium  selenide 
(AgGaSe2)  beta  barium  borate  (BBO)  which  are  useful  for  IR  and  UV  applications, 
respectively.  AgGaSe2  received  the  major  emphasis  and  was  studied  continuously 
throughout  the  program.  Research  on  BBO  began  late  in  the  first  semi-annual  reporting 
period. 

Silver  gallium  selenide  (.AgGaSe2l 

Two  major  objectives  were  undertaken  concerning  AgGaSe2.  The  first  involved 
scaling  up  the  boule  size  to  40-mm  diameter,  so  that  longer,  more  efficient  crystals  could  be 
prepared.  The  second  objective  was  to  develop  a  better  understanding  of  the  types  of 
optical  defects  which  form  in  this  material,  and  the  mechanisms  by  which  they  form,  so 
that  crystals  with  lower  residual  absorption  can  be  produced.  The  scaling  of  boule  size  was 
successfully  accomplished  midway  through  the  program.  Boules  of  37-mm  diameter  can 
now  be  produced  with  good  yield  rates.  Minor  cracking  in  the  top  regions  of  the  boules  is 
still  a  problem  and  is  due  to  the  formation  of  a  second  Ag2Se  rich  phase  caused  by 
segregation  effects.  This  problem  reduces  the  yield  of  3.5-cm-long  fabricated  bars. 
Decanting,  or  pouring  off  the  last  liquid  to  freeze  would  solve  the  problem,  but  the 
mechanical  complications  in  doing  this  with  a  900-C  furnace  loaded  with  a  delicate  quartz 
ampoule  did  not  seem  to  be  an  attractive  solution.  Increasing  the  length  of  the  charge 
should  alleviate  the  problem  without  major  perturbations  to  the  growth  system  and  this 
approach  will  be  pursued  at  a  later  date.  Gaining  an  increased  understanding  of  the  nature 
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of  the  optical  scattering  defects  that  form  in  AgGaSe2  and  how  they  affect  its  optical 
properties  and  device  performance,  was  considered  a  more  important  aspect  of  the 
program. 

The  optical  defects  found  in  as-grown  AgGaSe2  crystals,  and  which  are  discussed 
in  detail  in  the  publications  resulting  from  this  research  program^  ,  are  known  to  be 
Ga2Se3'rich  precipitates.  The  density  and  distribution  of  these  precipitates  vary  with 
growth  conditions.  Fortunately  these  can  be  removed  by  heat  treatment  procedures  with 
excellent  results.  Residua'  scattering  defects,  which  can  be  observed  only  after  heat 
treatment,  appear  to  be  intemujiy  facetted  voids,  or  negative  crystals  and  usually  remain  in 
varying  concentrations.  Experiments  with  reduced  growth  rates  and  Ag2Se-rich  melts  have 
suggested  that  these  residual  defects  are  caused  by  interface  instability  (a  condition  leading 
to  cellular  breakdown),  and  are  most  likely  silver-rich  in  the  as-grown  condition.  They 
appear  similar  in  morphology  to  macroscopic  silver-rich  inclusions  that  had  previously 
been  identified . 

The  conventional  approaches  to  dealing  with  inclusions  at  the  growth  interface, 
which  are  usually  due  to  impurities  or  non-stoichiometry  effects,  involve  modified  melt 
composition,  slower  growth  rates,  steeper  temperature  gradients  at  the  growth  interface  and 
melt  stirring  to  remove  the  Ag2Se-rich  material  or  impurities  that  build  up  there.  In  the  last 
four  month  reporting  interval  of  this  program  ,  (7-1-87  through  10-31-87)  slower  growth 
rates  have  been  shown  to  yield  qualitatively  better  material  with  fewer  and  smaller  residual 
scattering  defects.  A  series  of  experiments  has  recently  been  launched  to  gain  quantitative 
measurements  of  this  effect.  We  have  also  completed  one  melt-stirred  growth  using  a  new 
method  developed  in  our  laboratory,  known  as  coupled  perpendicular  vibrational  stirring^. 
This  boule,  upon  preliminary  inspection,  also  looked  to  be  of  good  optical  quality. 
Preliminary  fabrication  and  heat  treatment  must  first  be  carried  out  before  a  reliable 
qualitative  or  quantitative  assessment  can  be  made. 

Beta  barium  borate  (BBO) 

At  the  beginning  of  the  program,  there  was  literally  no  "hands-on"  experience  with 
the  growth  of  beta-barium  borate  (BBO)  in  this  country.  Our  early  objective  was, 
therefore,  to  rapidly  catch  up  with  the  workers  in  the  Peoples. Republic  of  China  who  were 
growing  relatively  large  crystals  by  the  top-seeded  solution  growth  method.  After  some 

3.  R,S.FeigeIson  and  R.K.Route,"Recent  Development  in  the  Growth  of  Chalcopyrite  Crystals  for 
Nonlinear  Infrared  Applications, "Optical  Engineering  26, 113,  (1987). 

4.  W.-S.  Liu,  M.  F.  Wolf,  D.  F.  Elwell  and  R.  S.  Feigelson,  "Vibrational  Strirring;  A  New 
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experimentation  and  false  starts,  due  to  purposefully  vague  scientific  reporting  by  the 
Fujian  Institute  of  Research  on  the  Structure  and  Chemistry  of  Matter,  we  found  that 
sodium  oxide  was  a  suitable  solvent  for  the  growth  of  BBO.  From  300  gram  solutions  we 
were  then  able  to  grow  5-cm-diameter  by  12-mm-thick  single  crystals  much  like  those 
grown  in  the  P.R.C.  The  real  problem  with  BBO  faced  here  and  abroad  is  controlling 
solvent  inclusions.  We  have  since  been  experimenting  with  flux  modifiers  and  new 
solvents  in  order  to  reduce  solvent  viscosities  and  in  theory,  reduce  the  density  of 
inclusions.  We  have  also  studied  growth  furnaces  having  a  wide  range  of  thermal 
parameters,  such  as  axial  temperature  gradients  above  the  melts  and  radial  gradients  within 
the  melts.  While  we  have  not  found  a  generic  growth  method  superior  to  the  top-seeded 
solution  growth  technique,  we  have  reduced  growth  time  for  a  40-gram  crystal  to  under 
one  week,  a  three-fold  increase  over  the  rates  reported  in  the  literature.  Selected  crystal 
specimens  from  low  defect  density  sectors  of  our  best  crystals  are  now  being  tested  by 
Professor  Byer's  research  group. 

In  cooperation  with  a  visiting  scholar  from  the  P.R.C.  we  have  also  grown  BBO 
single  crystal  fibers  by  the  traveling  solvent  zone  method  using  the  laser-heated  pedestal 
grower  to  generate  the  molten  solvent  zone^.  Interestingly,  B2O3,  a  relatively  viscous 
flux,  was  found  to  be  the  most  suitable  for  fiber  growth.  Off-axis  growth  was  possible 
and  the  optical  quality  of  the  fibers  appeared  to  be  good.  Funher  development  of  this 
method  in  a  more  mechanically  stable  grower  than  the  one  presently  available  should  also 
be  pursued. 

C .  T unable  Nonlinear  Optical  Conversion 

Recent  nonlinetu’  optical  materials  developments  have  been  paralleled  by  the 
investigation  of  the  application  of  these  crystals  in  nonlinear  devices.  The  silver  gallium 
selenide,  lithium  niobate  and  barium  borate  grown  at  the  Center  for  Materials  Research 
have  been  studied  with  the  laser  facilities  of  the  Applied  Physics  Department.  This 
cooperative  arrangement  of  growth  and  evaluation  has  led  to  a  practical  understanding  of 
the  areas  in  which  materisil  development  is  most  important.  By  working  in  this  fashion  we 
anticipate  continued  progress  in  the  practical  application  of  nonlinear  crystals  to  tunable 
coherent  devices. 


5.  R.  K.  Route  and  R.  S.  Feigelson,  "Growth  of  Barium  Meiaborate  (BaB204)  Single  Crystal  Fibers 
by  the  Laser-Heated  Pedestal  Method,"  submitted  to  J.  Crystal  Growth. 
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AgGaSe2  has  been  developed  to  fill  the  need  for  nonlinear  materials  with 
applications  between  4  and  12  pm.  TTie  production  of  high  optical  quality  crystals  at  CMR 
has  allowed  demonstration  of  its  uses.  We  have  produced  the  second  harmonic  of  a  CO2 
laser  pulse  with  14%  energy  conversion  in  a  20-mm  long  crystal.  Using  a  2.05-pm  Q- 
switched  Ho:YLF  laser  as  a  pump,  optical  parametric  oscillation  continuously  tunable  from 
2.65  to  9.0  pm  was  obtained^.  With  this  20-mm-long  crystal  the  peak  efficiency  involved 
16%  energy  conversion  of  the  pump. 

The  advantages  of  beta-barium  borate  as  a  nonlinear  material  have  only  recently 
been  demonstrated.  Optical  quality  material  was  first  grown  under  the  direction  of  C.-T. 
Chen  at  the  Fujian  Institute  of  Research  on  the  Structure  of  Matter  in  the  Peoples  Republic 
of  China.  Professor  Chen  supplied  several  crystals  of  excellent  quality  for  temporary  use 
at  Stanford.  With  this  material  we  investigated  generation  of  the  second  through  fifth 
harmonics  of  Nd:YAG  laser  radiation^  and  demonstrated  the  first  BBO  optical  parametric 
oscillator^.  In  the  generation  of  second,  third  and  fourth  harmonics  of  a  Nd:YAG  laser, 
BBO  performance  compared  favorably  with  that  of  KDP  and  ADP  crystals.  Transparency 
in  the  ultraviolet  also  allows  effective  fifth  harmonic  generation.  This  material  has  a  high 
damage  threshold  and  very  low  absorption  giving  excellent  potential  for  high  average 
power  applications. 

Even  though  lithium  niobate  has  been  used  as  a  nonlinear  material  since  the  mid 
1960's,  development  is  continuing  to  improve  and  extend  its  properties.  Recently  it  has 
been  shown  that  doping  the  material  with  5%  MgO  substantially  reduces  the  photorefractive 
damage  that  has  plagued  LiNbOs  applications  with  high  intensity  light.  An  external 
resonant  cavity  second  harmonic  generator  using  Mg0:LiNb03  has  provided  stable  and 
efficient  harmonic  conversion  of  a  low  intensity  diode-pumped  Nd:YAG  laser^.  The 
external  resonator  in  this  system  consists  of  a  small  LiNb03  rod  with  end  faces  that  are 
curved  and  coated  to  create  a  monolithic  ring  geometry  cavity.  A  SHG  conversion 
efficiency  of  55%  was  obtained  with  only  50  mW  of  1.06-p.m  laser  power.  The  very  low 
transmission  loss  and  good  optical  quality  of  the  Mg0.LiNb03  and  the  exceptional  stability 
of  the  diode  pumped  laser  were  important  properties  in  this  application. 


6.  R.  C.  Eckardt,  Y.  X.  Fan,  R.  L.  Byer,  C.  L.  Marquardt,  M.  E.  Storm,  and  L.  Esterowitz,  "Broadly 
tunable  infrared  parametric  oscillation  in  AgGaSe2",  Appl.  Phys.  Lett.  49,  608  (Sept.  15,  1986). 

7.  Chuangtian  Chen,  Y.  X.  Fan,  R.  C.  Eckardt  and  R.  L.  Byer,  "Recent  developments  on  barium 
borate,"  SPIE  Proc.  681,  12  (1986). 

8.  Y.  X.  Fan,  R.  C.  Eckardt  and  R.  L.  Byer,  Barium  Borate  Optical  Parametric  Oscillator,"  submitted 
to  Applied  Physics  Letters. 

9.  W.  J.  Kozlovsky,  C.  D.  Nabors  and  R.  L.  Byer,  "Second-harmonic  generation  of  a  continuous- 
wave  diode-pumped  Nd:YAG  laser  using  an  external  resonant  cavity,"  Opt  Lett  12, 1014  (1987). 
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A  monolithic  optical  parametric  oscillator  (OPO)  of  Mg0:LiNb03  has  demonstrated 
stable  single-axial-mode  operation.  The  diode-pumped  Nd;YAG  laser  was  amplified  in  a 
5(X)-ns-long  pulse  by  the  multipass  Nd'.YAG  slab,  doubled  in  a  2.5-cm-long  Mg0-.LiNb03 
crystal  and  used  to  pump  the  OPO.  Control  of  the  LiNb03  temperature  allowed  tuning  of 
the  signal  output  from  834  to  958  nm. 

We  have  also  demonstrated  simultaneous  single-axial-mode  laser  oscillation  and 
second  harmonic  generation  in  a  single  crystal  of  Nd:Mg0:LiNb03  and  accurate  optical 
index  measurements  have  resulted  in  a  full  Sellmeier  fit  for  KTP. 

D  Future  Directions 

The  development  and  application  of  the  fixed  slab  Nd;glass  laser  is  continuing.  The 
fabrication  of  new  slabs  will  permit  maximum  average  power  testing  to  be  completed  in  the 
near  future.  Using  this  laser  as  an  amplifier  for  a  Nd:YAG  laser  with  a  Q-switched  pulse 
length  of  only  8  ns  was  studied  but  the  reduced  gain  at  the  Nd:YAG  wavelength  of  1.064 
pm  compared  to  the  peak  gain  in  phosphate  glass  at  1.054  pm  made  this  unfeasible. 
Studies  of  optical  damage  in  Nd:glass  slabs  indicate  the  pulse  length  can  be  safely  reduced 
to  about  10  ns  for  a  10-J  output  in  a  l-cm^  area  without  risk  of  damage.  We  are 
investigating  the  use  of  a  Nd:YLF  oscillator  or  a  Ndrglass  seed  laser  to  shorten  the  pulse 
length.  The  replacement  of  the  helium  layer  and  sapphire  window  conduction  cooling  with 
a  coating  of  magnesium  fluoride  is  under  development  and  will  improve  the  laser  efficiency 
by  over  50%.  Improvements  in  glass  fracture  resistance  are  possible  with  new  high 
average  power  glasses  and  with  surface  treatments  now  available  from  manufacturers. 
Using  the  new  glasses  will  allow  us  to  increase  the  average  power  of  this  laser  even 
further.  A  collaboration  with  Sumitomo  mining  company  of  Japan  should  allow  us  to  test  a 
large  Nd;GGG  slab  with  very  high  average  power  capability  in  the  fixed  slab  laser. 

Arrival  of  24-kW,  high  repetition  rate  power  supplies  for  the  moving  slab  laser  will 
allow  the  testing  of  high  power  output.  With  the  development  of  a  single  spatial  mode 
extraction  scheme  we  plan  to  use  this  laser  as  a  laser  plasma  source  for  soft  X-ray 
lithography.  Diode-pumped  injection  mode-locking  produces  very  high  intensity  output 
with  high  repetition  rate,  low  energy  pulses  and  will  allow  efficient  nonlinear  conversion  of 
the  output  of  this  laser.  We  plan  to  continue  the  improvement  of  the  diode-pumped  mode- 
locked  seeder.  Replacement  of  the  low  power  pump  diode  with  recently  available  high 
power  diode  arrays  will  result  in  an  significant  increase  in  output  power.  Fiber  expansion 
and  grating  compression  of  the  laser  output  will  result  in  subpicosecond  pulse  lengths. 
Researchers  at  the  University  of  Rochester  have  recently  demonstrated  an  exciting 


technique  for  increasing  the  peak  power  available  from  a  laser  amplifier.  Temporally 
expanding  a  short  pulse  allows  safe  amplification  to  high  energy  without  nonlinear  optical 
damage.  The  long,  high  energy  pulse  can  then  be  contracted  in  a  grating  compressor  back 
to  its  original  length  with  good  efficiency  and  the  resulting  intensity  is  far  above  the  damage 
limit  in  the  amplifier.  Applying  this  scheme  to  the  moving  slab  laser  will  allow  us  to 
generate  extremely  hot  and  efficient  laser  plasmas  at  high  repetition  rate. 

Avenues  of  research  for  future  work  on  the  growth  of  AgGaSe2  are  also  clear. 
Subtle  changes  in  melt  compositions  coupled  with  growth  parameter  modifications  (of 
temperature  gradient,  growth  rate,  melt  stirring,  etc.)  must  be  continued  until  the  optimum 
conditions  are  determined.  A  detailed  understanding  of  the  chemistry  and  crystallization 
mechanism  is  very  important.  Due  to  the  extended  duration  of  each  experiment,  of  up  to 
twelve  weeks,  it  is  a  relatively  slow  process  to  accumulate  the  requisite  data.  The  new 
stirring  technique  may  allow  us  to  decrease  the  preparation  time  by  permitting  faster  growth 
rates  without  degradation  of  properties.  The  influence  of  carbon  in  the  Ag2Se-Ga2Se3 
system  must  also  be  re-evaluated.  We  have  definite  evidence  of  finite  carbon  solubility  in 
AgGaSe2  melts  at  temperatures  used  in  the  growth  process.  Since  carbon  is  used  to  coat 
the  synthesis  and  growth  ampoules,  a  better  understanding  is  required  of  its  role,  if  any,  in 
the  formation  of  optical  scattering  defects . 

The  growth  and  characterization  of  BBO  is  being  continued  under  Army  Research 
Contract  DAAL03-86-K-0129,  which  is  focused  totally  on  solving  some  of  the  difficult 
growth  problems  in  this  very  important  material.  Extensive  experiments  are  planned  in  the 
area  of  quantitative  measurements  of  viscosities  in  a  number  of  potential  solvent  systems 
such  as  BaF2  and  mixed  oxide/fluoride  systems.  Preliminary  microchemical  studies  of  the 
inclusions  in  Na20-grown  BBO  have  confirmed  the  presence  of  sodium.  We  have  not  yet 
identified  the  chemical  compounds  involved  and  their  relationship  to  the  phase  equilibrium 
in  the  system.  Additional  studies  are  under  way. 

During  the  course  of  this  program  we  have  continuously  made  available  our  growth 
technology  to  interested  parties,  including  Cleveland  Crystals  Inc.,  which  is  now  in  pilot 
production  of  AgGaSe2.  With  a  rapid  transfer  of  technology  to  the  private  sector  we  hope 
to  improve  the  speed  with  which  BBO  will  become  a  readily  available  commercial  product 
in  this  country. 

With  the  positive  findings  for  AgGaSe2  growth  we  now  anticipate  being  able  to 
produce  over-3-cm-long  crystals  with  residual  absorptions  low  enough  for  efficient 
operation  in  resonant  (OPO)  devices.  Improved  performance  of  both  harmonic  generation 
and  parametric  oscillation  will  soon  be  demonstrated  with  these  crystals. 
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Following  the  success  of  the  resonant  cavity  second  harmonic  generator  in 
MgOiLiNbOs,  a  similar,  doubly  resonant,  device  in  stoichiometric  LiNb03  is  now  being 
developed.  The  homogeneity  of  this  material  results  in  very  low  loss  and  will  allow  the  use 
of  larger  crystals.  This  should  produce  improved  doubling  stability  and  efficiency  and  we 
he pe  to  be  able  to  demonstrate  the  generation  of  a  squeezed  optical  state. 

The  stability  of  the  single-axial-mode  diode-pumped  solid-state  lasers  is  vital  for  the 
reliable  operation  of  nonlinear  optical  devices.  Nonlinear  optical  parametric  frequency 
conversion  techniques  have  the  potential  of  preserving  the  coherence  of  the  pump  source. 
Preliminary  measurements  indicate  that  this  is  accomplished  in  our  long-pulse  singly 
resonant  LiNbOs  OPO.  Single-mode  OPO  operation  in  this  case  is  achieved  by  the  use  of  a 
single-mode  pump  source  and  with  the  frequency  selection  of  a  long  build  up  time.  The 
demonstration  of  stable  continuous-wave  second  harmonic  generation  is  also  an  important 
step  to  reliable  and  stable  tunable  nonlinear  frequency  conversion.  We  now  have  available 
cw  second  harmonic  power  in  excess  of  the  calculated  pump  threshold  for  doubly  resonant 
parametric  oscillation  in  LiNb03.  Th®  same  techniques  as  we  have  used  in  externally 
resonant  second  harmonic  generation  are  applicable  to  doubly  resonant  parametric 
oscillators.  The  output  of  the  tunable  cw  parametric  oscillator  could  be  used  to  injection 
seed  high-peak-power  pulsed  parametric  oscillators.  The  stability  and  narrow  bandwidth 
of  the  miniature  solid-state  lasers  used  to  injection  seed  both  the  nonlinear  frequency 
conversion  process  and  the  high-power  pump  lasers  would  be  preserved  in  the  high-power 
widely  tunable  radiation  which  will  be  generated. 

The  use  of  fixed  frequency  laser  sources  to  generate  tunable  radiation  by  nonlinear 
optical  conversion  is  rapidly  approaching  a  threshold.  For  the  first  time  the  careful 
engineering  of  source  lasers  to  match  this  application  is  allowing  practical  devices  to  be 
realized.  The  recent  developments  in  high  power  laser  diodes  and  high  optical  quality  slab 
lasers  and  the  steady  improvement  in  the  quality  of  appropriate  nonlinear  materials  promise 
to  provide  pulsed  and  cw  tunable  coherent  sources  covering  the  spectrum  from  0.2  to  20 
pm.  Our  cooperative  program  has  coordinated  research  into  all  the  components  of  these 
systems  and  allowed  the  development  of  the  stable  pump  laser  sources,  improved  nonlinear 
materials,  and  practical  nonlinear  techniques  that  will  make  up  this  technology. 
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